Glial cell line-derived neurotrophic factor (GDNF) is a potent neurotrophic factor for several populations of CNS and peripheral neurons. Synthesis and storage of GDNF by the neuron-like adrenal medullary cells suggest roles in adrenal functions and/or in the maintenance of spinal cord neurons that innervate the adrenal medulla. We show that unilateral adrenomedullectomy causes degeneration of all sympathetic preganglionic neurons within the intermediolateral column (IML) of spinal cord segments T7-T10 that project to the adrenal medulla. In situ hybridization revealed that IML neurons express the glycosylphosphatidylinositol-linked ␣ receptor 1 and c-Ret receptors, which are essential for GDNF signaling. IML neurons also display immunoreactivity for transforming growth factor-␤ (TGF-␤) receptor II. Administration of GDNF (recombinant human, 1 g) in Gelfoam implanted into the medullectomized adrenal gland rescued all Fluoro-Gold-labeled preganglionic neurons projecting to the adrenal medulla after four weeks. Cytochrome c applied as a control protein was not effective. The protective effect of GDNF was prevented by co-administration to the Gelfoam of neutralizing antibodies recognizing all three TGF-␤ isoforms but not GDNF. This suggests that the presence of endogenous TGF-␤ was essential for permitting a neurotrophic effect of GDNF. Our data indicate that GDNF has a capacity to protect a population of autonomic spinal cord neurons from target-deprived cell death. Furthermore, our results demonstrate for the first time that the previously reported requirement of TGF-␤ for permitting trophic actions of GDNF in vitro ) also applies to the in vivo situation.
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Glial cell line-derived neurotrophic factor (GDN F), a member of the superfamily of transforming growth factor-␤s (TGF-␤s), is a potent neurotrophic molecule for a variety of peripheral and CNS neuron populations. GDN F signals through a receptor complex, which consists of the transmembrane tyrosine kinase receptor c-Ret and a glycosylphosphatidylinositol-linked ␣ receptor (GFR␣), of which four isoforms are presently known (Enokido et al., 1998 ; for review, see Unsicker et al., 1998) . The nigrostriatal dopaminergic projection is the only system known to date in which a role for GDN F as a target-derived neurotrophic factor has been convincingly demonstrated (Beck et al., 1995; Kearns and Gash, 1995; Sauer et al., 1995; Tomac et al., 1995a,b;  for review, see Olson, 1997) . GDN F is synthesized in the striatum and axonally transported by dopaminergic cells in the substantia nigra, which express c-Ret and GFR␣. The protective effects of GDNF for target-deprived dopaminergic neurons in animal models of Parkinson's disease (for review, see Olson, 1997) has raised hopes that GDN F may have relevance in the treatment of this neurodegenerative disorder.
Several lines of evidence suggest that GDN F and its receptors may have important roles in the development of the peripheral autonomic nervous system. Mice deficient for GDNF or c-Ret (Schuchardt et al., 1994; Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996) lack large portions of the enteric nervous system and display significant neuron losses in the superior cervical ganglion of the paravertebral sympathetic chain. Alterations in the enteric nervous system of GDNF mutant mice are consistent with synthesis of GDNF in smooth muscle layers of the gastrointestinal tract, i.e., in the target areas of enteric neurons (Suvanto et al., 1996; Bar et al., 1997) . We have previously shown that GDNF is stored in and released from another major target tissue of autonomic neurons, the adrenal medulla . The neuron-like chromaffin cells of the adrenal medulla receive a dense cholinergic projection from neurons, whose cell bodies are located in the intermediolateral column (IML) of the spinal cord (Schramm et al., 1975) . Degeneration and death of these neurons after selective destruction of their target in the adult rat are well documented (Schober et al., 1998a) . In the present study we have addressed the question of whether GDNF may protect these IML neurons after ablation of their target. We show that IML neurons express the GDNF receptors c-Ret and GFR␣-1 and are fully protected by GDNF administered to the medullectomized adrenal gland. To understand mechanisms underlying the neurotrophic effect of GDNF in vivo, we asked whether TGF-␤, which, like GDNF, is stored in adrenal medullary chromaffin cells (Krieglstein and Unsicker, 1995; Krieglstein et al., 1998) , was required for permitting GDNF to act as a neurotrophic factor . We show now for the first time that the previously documented requirement of TGF-␤ in neurotrophic actions of GDN F in vitro also applies to its neurotrophic potential in vivo.
A preliminary account of our study has been presented in abstract form (Schober et al., 1998b) .
MATERIALS AND METHODS
Animals. Thirty-five Hanover-Wistar male rats (250 gm) were used. They were kept under standard laboratory conditions with food and water ad libitum and a 12 hr light /dark cycle. Rats were killed according to S1 method of humane killing (Animal Scientific Procedures, 1986, United K ingdom) .
Adrenomedullectomy (compare Fig. 1 ). Rats were deeply anesthetized by an intraperitoneal injection of 5% chloral hydrate (1 ml /100 gm of body weight). The left adrenal gland was exposed retroperitoneally and medullectomized by electrocauterization using a fine-needle electrode (diameter, 0.5 mm) that was connected to a radiotome (Martin M E 80). The free tip of the isolated electrode was inserted caref ully through the cortex into the adrenal medulla. The coagulation was performed by a brief pulse. To test the completeness of the chromaffin tissue destruction, histological control examinations were performed. Thereafter, a small piece (1 mm 3 ) of Gelfoam (Spongostan; Ferrosan, Soeburg, Denmark) soaked with GDN F (recombinant human, lot 065641; IC Chemikalien) or cytochrome c (C yt c, 1 g /Gelfoam; Serva, Heidelberg, Germany) was implanted into the wound cavity and covered by a small drop of tissue glue (Roth GmbH). In an additional series of experiments GDN F (1 g) and a neutralizing pan-TGF-␤ antibody (5 g /Gelfoam; Genzyme, Boston, M A), which recognizes all three TGF-␤ isoforms (cf. , were co-administered in Gelfoam to the medullectomized adrenal gland of six male rats. Controls were performed by substituting of the pan-TGF-␤ antibody by a horse anti-mouse IgG (5 g /Gelfoam; Dako, Glostrup, Denmark), which was co-implanted with GDN F (1 g) into adrenomedullectomized rats (n ϭ 6).
Specificit y controls for the pan-TGF-␤ antibody. Specificity of the pan-TGF-␤ antibody was tested by dot blot analysis. T wo microliters of TGF-␤3 (ϭ10, 1, and 0.1 ng /2 l) and 2 l of GDN F, FGF-2, BDN F, and CNTF (ϭ100, 30, and 3 ng /2 l) were loaded onto nitrocellulose membrane. The membrane was blocked with 3% low-fat milk powder and 0.1% BSA in Tris-buffered saline (TBS, pH 7.3) incubated with primary antibody (5 g /ml pan-anti-TGF-␤ in 0.1% BSA and TBS) overnight at 4°C followed by peroxidase-conjugated anti-mouse antibody (1:2000 in 0.1% BSA and TBS). Finally, the membrane was developed using the Amersham (Arlington Heights, IL) enhanced chemiluminescence detection system.
Fluoro-Gold labeling and tissue preparation. Intraperitoneal injection of the fluorescent tracer Fluoro-Gold (FG) labels the entire population of sympathetic preganglionic neurons in the adult rat spinal cord (compare Fig. 2 ; Anderson and Edwards, 1994; Schober et al., 1998a) . T wenty-six days after unilateral adrenomedullectomy, rats received an intraperitoneal injection of 400 l FG (0.2%, Fluorochrome Inc.). Forty-eight hours later animals were reanesthetized and transcardially perf used by 4% paraformaldehyde (PFA). The upper thoracic spinal cord was exposed, and spinal cord segments T7-T10 and the operated side were marked. Adrenal glands were removed for monitoring completeness of the medullectomy. After 12 hr of post-fixation (4% PFA), longitudinal serial sections of the spinal cord were performed on a vibrating blade microtome (V T 1000 E; Leica, Nussloch, Germany), collected free-floating, and mounted on gelatin-coated slides.
Quantitative anal ysis. Numbers of FG-labeled preganglionic neurons were determined by cell counts of complete series of horizontal sections through the IML column of the upper thoracic spinal cord (T7-T10). In all animal groups (GDN F, C yt c, GDN F plus IgG, and GDN F plus anti-pan-TGF-␤), counts were performed on the left (operated) and right (control) sides of the spinal cord. Sham-operated and untreated animals were used to determine the left /right ratio of total numbers of FGlabeled IML neurons. Neuron counts on the right side (control side) were set as 100%. Sections were examined by a Z eiss Axiophot fluorescence microscope using a UV filter set (Z eiss; excitation filter, 390 -420 nm; barrier filter, 425-450 nm). Only brightly fluorescent IML neurons containing a clearly visible nucleus were counted. Total numbers were corrected for possible double counts of split nuclei according to Abercrombie's formula (Konigsmark, 1970) . Results are given as mean values in percent Ϯ SEM and tested for statistical significance of side differences by Student's t test.
R NA preparation and RT-PCR . RT-PCR was applied to investigate expression of GDN F in the adult rat adrenal medulla. As a positive control the B49 cell line was used. Adult female Sprague Dawley rats were obtained from Charles River Laboratories (Sulzfeld, Germany). Adrenal glands were quickly removed, cleaned, snap frozen in isopentane, and collected on dry ice. Adrenal glands were then sliced with a razor blade, and adrenal medullas were microdissected with stainless steel punching needles. Cultures of B49 cell lines were washed twice in sterile PBS (Life Technologies, Gaithersburg, MD), scraped off from culture dishes, and snap frozen. Dissected tissues and harvested cells were homogenized with a Bandelin Sonopuls H D 2070 microsonicator. Total RNA was then isolated by an RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. Total cellular RNA was treated with RQ1 DNase (Promega, Madison, W I) to exclude amplification of contaminating genomic DNA in subsequent manipulations and quantified spectrophotometrically. First-strand cDNA was reversetranscribed from 1 g of total RNA using random hexamer primers in a 20 l reaction volume. Reactions consisted of 1 g of total RNA and final concentrations of 1ϫ first-strand buffer (5ϫ first strand buffer, in mM: 250 Tris-HC l, pH 8.3, 375 KC l, and 15 MgC l 2 ; Life Technologies), 10 mM dithiothreitol, a 1 mM concentration of each dN TP (Pharmacia, Piscataway, NJ), 25 ng /l random hexamer primers (Boehringer Mannheim, Mannheim, Germany), 1 U/l RNase inhibitor (M BI Fermentas), and 20 U/l Moloney murine leukemia virus reverse transcriptase (Life Technologies). The reaction mixture was incubated at 37°C for 60 min. After reverse transcription, 3.5 l of the cDNA samples were subjected to PCR amplification using specific primers described by Springer et al. (1994) . Reactions were performed in a Perkin-Elmer (Norwalk, C T) GeneAmp 9600 thermal cycler PCR system in 0.2 ml thin-walled reaction tubes using the "hot-start" method. Reagents were assembled in a final volume of 100 l, and final concentrations of reagents were as follows: 3.5 l of first-strand cDNA, 1 M forward primer, 1 M reverse primer, 1ϫ PCR buffer (10ϫ PCR buffer, in mM: 200 Tris-HC l, pH 8.4, and 500 KC l; Life Technologies), 2.5 mM MgC l 2 , 0.1 mM dN TPs, and RNase-free water to 100 l. Samples were initially denatured at 94°C for 4 min, and 2.5 U of recombinant Taq DNA polymerase (Life Technologies) were then added. Thermocycling parameters were then 30 sec denaturation at 94°C, 45 sec annealing at 65°C, and 1 min extension at 72°C repeated for 35 cycles with a final extension step at 72°C for 5 min. Eight microliters of PCR reactions were analyzed by electrophoresing 8 l aliquots in a 2% agarose gel (Life Technologies) in 1ϫ TAE buffer (in M: 0.04 Trisacetate and 0.001 EDTA). After soaking gels in 0.5 g /ml ethidium bromide solution in 1ϫ TAE for 20 min, reaction products were visualized by UV transilluminator (Renner GmbH). The bands were of the expected size (633 and 555 bp). Images were captured by a computerassisted gel documentation system (Intas). The identity of the amplified products was f urther checked with appropriate restriction enzymes.
Immunoc ytochemistr y. Perf used adrenal glands and spinal cords were cryoprotected overnight (30% sucrose) and cut on a cryostat (10 m). Sections were then mounted on gelatin-coated slides, dried at room temperature, for 30 min, and placed in 0.1 M phosphate buffer (PB), pH 7.4. Nonspecific binding sites were blocked by preincubation with 5% normal goat serum containing 0.1% Triton X-100 diluted in PB for 1 hr at room temperature. Cryosections of adrenal glands were immunostained as follows: (1) incubation with GDN F polyclonal antibody (D-20, sc-328; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:200 in PB for 24 hr at room temperature; (2) incubation with biotinylated antirabbit IgG (diluted 1:200 in PB; Vector Laboratories, Burlingame, CA); and (3) incubation with C y3-conjugated streptavidin (indocarbocyanine; Jackson ImmunoResearch, West Grove, PA) diluted 1:4000. Controls were performed by (1) preabsorbing the antibody to a 20-fold molar excess of the antigen, (2) using the corresponding normal serum, (3) omitting the respective antiserum. For the demonstration of the TGF-␤II receptor (T␤RII) immunoreactivity, paraffin sections (4 m) from adult rat spinal cord were cut and mounted onto glycerol -gelatin-coated slides. Sections were deparaffinated, rehydrated, and incubated with polyclonal rabbit anti-T␤R-II antibody (1:200, sc-400; Santa Cruz) for 48 hr at 4°C, followed by incubation with a C y3-conjugated anti-rabbit IgG (1:200; Dianova, Hamburg, Germany) for 1 hr at room temperature. Finally, sections were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI, 1:1000; Boehringer Mannheim), rinsed three times in PB, dried, and mounted with Kaiser's glycerol gelatin.
In situ hybridization of GFR␣-1, GFR␣-2, and c-Ret receptor mR NAs. In situ hybridizations (ISHs) were performed on paraffin sections of the adrenal gland and on longitudinal vibratome sections of the thoracic spinal cord, essentially as described by Arumäe et al. (1993) . Few modifications were applied. The digestion time with proteinase K was prolonged to 30 min, and the prehybridization using the hybridization mixture was performed at 52°C for 2 hr before hybridization. All cRNA probes used were synthesized from linearized plasmids and labeled by 35 S-UTP: (1) rat GFR␣-1, nucleotides 294 -1039 ; (2) rat GFR␣-2, f ull-length cDNA (L uukko et al., 1997); and (3) mouse c-Ret, nucleotides 2534 -3217, covering the tyrosine kinase domain (Reeben et al., 1998). After hybridization, all sections were dipped and exposed for 2-3 weeks, counterstained with hematoxylin, air-dried and embedded in DePex (Serva, Heidelberg, Germany). Generally, no hybridization signal was detected with the probes on sense orientation. Retrograde a xonal transport of GDNF. Left adrenal glands of 12 anesthetized adult female Sprague Dawley rats were exposed for microinjection using a 10 l Hamilton syringe. One group (n ϭ 8) received intramedullary injections of 125 I-GDN F (human recombinant, 100 Ci/ g) in 2 l /adrenal (50 ng /l; injection rate, 1 l /min). A control group (n ϭ 4) received the same volume (2 l) consisting of 125 I-GDN F and a 20-fold excess of cold GDN F. After 18 hr (n ϭ 4) or 24 hr (n ϭ 8), respectively, animals were killed by decapitation, spinal cord segments T7-T10 were frozen on dry ice, and horizontal serial cryostat sections (14 m) were collected on coated slides, processed for emulsion autoradiography (cf. Grothe and Unsicker, 1992) , and counterstained with cresyl violet.
RESULTS

GDNF rescues preganglionic neurons after unilateral adrenomedullectomy
We have previously shown that unilateral adrenomedullectomy in adult rats causes the loss of all IML neurons in spinal cord segments T7-T10 that project to the adrenal medulla (cf. Schober et al., 1998a) . If GDNF had a role in maintaining IML neurons, supplementation of GDNF to the medullectomized adrenal gland should protect these neurons from death induced by ablation of their GDNF-providing target cells. Animals were unilaterally adrenomedullectomized by electrocauterization and received a Gelfoam implant into the organ cavity (compare Fig. 1 ). Gelfoams were soaked with GDNF (1 g) or the nontrophic control protein cytochrome c. T wenty-six days after surgery animals were intraperitoneally injected with FG to label all viable IML neurons (compare Fig. 2 ). Forty-eight hours later animals were killed and perfused, and adrenal glands and spinal cords were processed for histology. In previous experiments we had established (Schober et al., 1998a ) that IML neurons labeled by intraperitoneal injection of FG included the subset of neurons that project to the adrenal medulla and can be retrogradely labeled with fast blue. Counts of IML neurons containing FG revealed a 24% loss on the operated compared with the nonoperated side in animals that had been treated with cytochrome c containing Gelfoam implants (Fig. 3A) . From previous studies (Blottner et al., 1989a,b; Schober et al., 1998a) we know that this 24% loss reflects the loss of all IML neurons that project to the adrenal medulla. Animals that had received GDNF-containing Gelfoam implants did not show a significant decrease in IML neuron numbers on the lesioned compared with the unlesioned side (Fig. 3B) . Thus, implantation of GDNF-containing Gelfoams into the medullectomized adrenal gland prevents death of IML neurons induced by target deprivation.
GDNF and GDNF receptors in the adult rat adrenal gland and spinal cord
To investigate whether neurotrophic actions of GDNF on IML neurons may reflect a physiological role of GDN F beyond its documented pharmacological effect, we studied expression of GDNF and its receptors in the adult rat adrenal gland and IML of the spinal cord. Figure 4 A reveals the presence of GDNF mRNA in micropunches of tissue from the adult rat adrenal medulla. Figure 4 B shows that GDNF immunoreactivity can be localized to the chromaffin cells of adult rat adrenal medulla. ISH revealed that adrenal medullary cells did not express the GDNF receptors c-Ret and GFR␣-1 (results not shown). However, as shown in Figure 5 , neurons in the IML of the spinal cord clearly expressed both c-Ret and GFR␣-1 mRNA, suggesting that this neuron population and its axons that project to the adrenal medulla are targets for GDNF.
Retrograde transport of GDNF from the adrenal gland to the spinal cord was not detectable
To address molecular mechanisms underlying the neuroprotective effect of GDNF, we next investigated whether its administration to the intact and medullectomized adrenal gland was followed by axonal transport to the spinal cord. Autoradiography was performed on longitudinal sections of the spinal cord (T7-T10) of eight animals each after 18 and 24 hr, respectively, after injection of iodinated GDNF into unlesioned or medullectomized adrenal glands. In a separate series of experiments iodinated GDNF was unilaterally injected into the striatum of adult rats (Tomac et al., 1995b) . Although transport of GDNF occurred in the nigrostriatal dopaminergic system (Tomac et al., 1995b) , we did not find evidence for transport of GDNF from the adrenal medulla to the spinal cord. Moreover, intra-adrenal implants of GDNF (10 g) did not result in an immunocytochemically detectable signal in the spinal cord after 36 hr (results not shown).
GDNF requires TGF-␤ to exert its neurotrophic potential on IML spinal cord neurons
In previous studies we have documented that GDNF requires TGF-␤ for exerting its full neurotrophic potential on peripheral and CNS neurons in vitro. TGF-␤ is expressed by both adrenal medullary (Krieglstein and Unsicker, 1995; Blottner et al., 1996) and cortical cells (Thompson et al., 1989) . To investigate putative implications of TGF-␤ in the neurotrophic action of GDNF on IML neurons after adrenomedullectomy, a neutralizing pan-TGF-␤ antibody (5 g) recognizing all three mammalian TGF-␤ isoforms (-␤1, -␤2, and -␤3) was co-administered together with GDNF (1 g) in Gelfoam implants to the medullectomized adrenal gland. As shown in Figure  6 A, the pan-TGF-␤ antibody fully prevented the protective effect of GDNF on IML spinal cord neurons. Figure 6 B provides evidence that the antibody to TGF-␤ specifically recognized TGF-␤, but not GDNF, FGF-2, BDNF, or CNTF. Finally, Figure 7 documents the presence of the T␤RII-ir on IML neurons, indicating that TGF-␤ can affect this neuron population. To- gether these data suggest, in extension of our previous in vitro demonstration , that GDN F also requires TGF-␤ for exerting its trophic effect in an in vivo model of neuron death caused by target deprivation.
DISCUSSION
The present data identif y GDN F as an important protective neurotrophic factor for a population of preganglionic autonomic neurons in the IML of the spinal cord. These neurons are important for controlling peripheral cardiovascular and metabolic functions as well as secretion of biogenic amine and neuropeptide hormones from intra-and extra-adrenal chromaffin tissue (Blaschko et al., 1975; Winkler, 1993) . Autonomic efferent neurons in the IML have a common origin with motoneurons in the ventral horn of the spinal cord and share with them responsiveness to various neurotrophic and growth factors (Blottner et al., 1989a (Blottner et al., ,b, 1996 Blottner and Unsicker, 1990; Oppenheim, 1996; Sendtner et al., 1996; Sendtner, 1997; Schober et al., 1998a) . The adrenal medulla and its chromaffin cells represent a prominent target tissue for IML neurons, and the population of IML neurons that projects to the adrenal medulla has been precisely mapped by retrograde tracing studies (Schramm et al., 1975 ; Schober et al., 1998a) . The respective cell bodies are mainly located within spinal cord segments T7 and T10, where they constitute one-fourth (24%) of the total population of IML neurons (Blottner et al., 1996; Schober et al., 1998a) . After destruction of the adrenal medulla, exactly this 24% population undergoes degeneration and death (Blottner and Baumgarten, 1992; Schober et al., 1998a) , suggesting that these neurons crucially depend on factors provided by their target.
IML neurons resemble motoneurons: multiple neurotrophic factors can protect them against target deprivation
Several candidate factors have been identified that have a capacity to prevent cell death of IML neurons after target ablation. These include FGF-2 (Blottner et al., 1989b) , CNTF (Blottner et al., 1989a) , and neurotrophin-4 (NT-4) (Schober et al., 1998a) . NT-4 and FGF-2 are of particular interest, because NT-4-as well as FGF-2-deficient mice show cell losses in the IML (Dono et al., 1998; Schober et al., 1998a) . The trophic effects of these factors on IML neurons are consistent with expression and presence of respective receptors, including FGF receptor 1 (Blottner et al., 1997 ), CNTF receptor-␣ (MacLennan et al., 1996 , and trkB (Schober et al., 1998a) . The present study has added expression of the c-Ret and GFR␣-1 receptors by IML neurons to this list, thereby implying that GDNF may be a relevant molecule in the regulation IML neuron survival and differentiation. Thus, IML neurons resemble motoneurons in the ventral horn in that their survival after target deprivation can be supported by a large number of neurotrophic factors (for review, see Oppenheim, 1996) .
GDNF receptors are expressed by IML neurons
GDNF is a member of a subfamily of TGF-␤s and most closely related to neurturin (NTN) and persephin (for review, see Unsicker et al., 1998) . In contrast to all other members of the TGF-␤ superfamily, GDNF, NTN, and probably also persephin signal through a heteromeric receptor complex of a tyrosine kinase receptor, c-Ret, and a GFR␣. Whether GDNF and its congeners may also signal in the absence of c-Ret, and whether c-Ret-related tyrosine kinases with a capacity to serve GDNF, NTN, and persephin signaling exist are unknown. Given the presence in and release of GDNF from adrenal chromaffin cells , it was important to identify putative target cells for the chromaffin cell-derived GDNF. In the absence of detectable levels of c-Ret and GFR␣-1 mRNA within the adrenal gland and co-expression of c-Ret and GFR␣-1 by IML neurons, we hypothesized that this population of cells were likely candidates for GDNF provided by adrenal chromaffin cells.
GDNF requires TGF-␤ to accomplish its protective effect on target-deprived IML neurons
The present data are consistent with a role of GDNF in protecting a population of autonomic spinal cord neurons, which express the receptor complex for GDNF, from death induced by target deprivation. The issue of underlying mechanisms has been addressed in this study in two directions: (1) retrograde axonal transport of GDNF and (2) co-factors permitting the neurotrophic effect of GDNF. Surprisingly, we could not detect labeled GDNF in IML neurons of the spinal cord after its administration to the adrenal gland, although the protocol used was identical to that used in previous transport studies with GDNF in the dopaminergic nigrostriatal system (Tomac et al., 1995b) . Because axons of IML neurons are probably the only target structure for GDNF within the adrenal gland, GDNF is likely to address IML neurons directly rather than triggering secretion of other neurotrophic molecules from adrenal cells. Absence of retrograde axonal transport would then indicate that GDNF might use other mechanisms for transferring information from the axon terminals to the perikarya of IML neurons. In the case of FGF-2 it has been shown that activation and subsequent retrograde transport of a set of G-proteins rather than retrograde transport of FGF-2 itself constitutes the mechanism, by which the FGF-2 signal is transmitted from the axon terminal to the neuronal cell body (Hendry et al., 1995a,b) .
In a previous study we have identified TGF-␤ as an essential component in GDNF-mediated neurotrophic actions in vitro Figure 6 . A, Co-application of a neutralizing anti-pan-TGF-␤ antibody significantly reduces the neuroprotective effect of GDN F after target deprivation of IML neurons. Co-application of a control IgG did not affect the protective effect of GDN F. B, Specificity controls showing that the anti-pan-TGF-␤ antibody recognizes TGF-␤3 (as well as TGF-␤1 and -␤2; data not shown) without recognizing GDN F, FGF-2, BDN F, and CNTF. . The present data take this observation to the in vivo level, showing for the first time that neutralization of endogenous TGF-␤ using antibodies that recognize all three TGF-␤ isoforms abolishes a neuroprotective effect of GDNF in vivo. L ocalization of both GDN F and TGF-␤ receptors in IML neurons is consistent with a synergistic action of GDNF and TGF-␤ on IML neurons. Sources for TGF-␤ within the medullectomized adrenal gland are likely to include cortical cells (Thompson et al., 1989) and macrophages (Assoian et al., 1987) , which have both been identified as sites of storage and synthesis of TGF-␤. Our previous in vitro studies have suggested that GDNF and TGF-␤ may synergize, at least on two distinct levels, the recruitment and /or stabilization of the GFR␣ and phosphatidylinositol-3 kinase . Although mice deficient for each of the three TGF-␤ isoforms have been generated (Shull et al., 1992; Kulkarni et al., 1993; Kaartinen et al., 1995; Proetzel et al., 1995; Sanford et al., 1997) , complete elimination of TGF-␤ from an animal would require a triple knock-out plus prevention of TGF-␤1 transfer from mothers to offspring through milk. Thus, f uture studies using conditional gene knock-outs for the TGF-␤ receptors will hopefully help further underscore the f undamental significance of TGF-␤ in the signaling of GDN F and, most likely, other neurotrophic factors (cf. Krieglstein et al., 1998) . 
